In some applications of piezoelectrically driven acoustic resonators, the power dissipated in the resonating material may be sufficient to significantly change the temperature and hence the resonance frequency. A straightforward analysis shows that this effect can lead to severe hysteresis and thermal bistability. This model is in agreement with experiments that have been performed using a fused silica acousto-optic modulator.
INTRODUCTION
Acoustic resonance phenomena in solids are finding increasing numbers of practical applications where high Q and frequency stability are important criteria. Well-known examples include crystal filters and frequency standards. In all such systems there are inevitably loss mechanisms, and the dissipation associated with these losses always raises the temperature of the resonator above the ambient temperature.
If the device characteristics are functions of temperature, the resonator response will necessarily be a nonlinear function of the excitation amplitude. For most applications this nonlinearity can be avoided by simply maintaining the excitation at a sufficiently low level and keeping the ambient temperature constant. However, for other applications large excitation levels are inevitable. With aeousto-optie devices, for example, the efficiency of light diffraction is often roughly proportional to the intensity of the acoustic waves, and there may be practical reasons for operating an aeousto-optie modulator at a power level where thermal effects cannot be neglected.
The existence of nonlinearities in acoustic resonance
phenomena is well known, and several different types of nonlinearities have been discussed. One of the first and most important nonlinearities to be noted is related to power dependent heating of a resonating material.
The vibrations ereate heat due to internal and external friction, and this heat causes changes in the resonant frequency that depend on the amplitude of vibration.
• More specifically the frequency change can arise from temperature dependent changes in the density, dimensions, and elastic coefficients of the material, together with possible temperature dependent effects in the supporting structure. In the development of extremely stable quartz frequency standards, a strain dependence of the elastic coefficients has also been observed. Before one could commence a rigorous investigation of thermal effects in acousto-optic modulators it would be necessary to have a detailed understanding of all of the amplffude dependent loss mechanisms involved.
There have been several studies of loss processes in crystals and glasses. 7 The acoustic attenuation coefficients for many a•ousto-optic materials are now known, and there has also been progress in predicting coefficients for new materials. 8'0 Unfortunately, there are many other loss mechanisms that would depend on the details of the resonator and driver geometries, and the rate of heat flow between these elements and their environment would also be difficult to predict. Accordingly, we will simply adopt the reasonable assumption that the rate of energy dissipation is proportional to the amplitude squared of the acoustic wave, and the proportionality constant will be left for experimental The rather complicated looking features of Fig. 2 can all be interpreted physically. For instance when the resonator has been operating for a long time at the frequency y=4, the absorbed power will have arrived at the steady-state value P•= 5 as shown in Fig. 1 . If the frequency were from this point scanned around so quickly that the temperature could not vary, the power curve would be found to be an ordinary Lorentzian of maximum value P'--10, centered at y = 5, and having its halfpower point, where the discussion started--at y=4, P' = 5. Therefore, as Fig. 2 
III. CONCLUSION
For some applications of acoustic resonators the power levels are sufficient to cause a slight heating of the resonating material. This heating leads to changes in the elastic properties and dimensions of the resonator and its supporting structure, and inevitably there are also changes in the resonance frequency. In a high Q system these changes may be sufficient to introduce severe hysteresis in the device's operating characteristics. In the present study the implications of this thermally induced hysteresis have been examined in detail. An analytical model has been developed in which the center frequency of a Lorentzian absorption resonance varies linearly with temperature, while the temperature obeys a relaxation equation driven by the absorbed power. This model is found to account well for all of the rather complex features of our experimental data involving an acousto-optic modulator. A practical consequence of the model is that obtaining optimum performance from a thermally nonlinear acoustic resonator will require close attention to the rate and direction in which frequency and power changes are made. By use of the model described here it should be possible to undertake such optimization in a systematic manner. Also, it would seem that the strong thermal nonlinearities described here might often dominate the more subtle Hooke's law nonlinearities that have received such extensive theoretical treatment. Consequently, in any experimental demonstration of nonlinear elastic coefficients considerable care may be required to ensure that thermal effects are not also occurring.
